To characterize the degree of similarity inherent to parameters of the optically uniaxial birefringent protein-¯bril networks of biological tissues, a new parameter -complex degree of mutual anisotropy -has been o®ered. The technique of polarization measuring the coordinate distributions of the complex degree of mutual anisotropy of biological tissues has been developed. It has been shown that statistical approach to the analysis of complex degree of mutual anisotropy distributions for biological tissues in various morphological and physiological states and for di®erent optical thicknesses appears to be more sensitive and e±cient in di®erentiation of physiological state, as compared to investigations of complex degree of mutual polarization in the corresponding laser images.
Introduction
Historically, the optical methods of biological tissue investigations can be separated into three groups:
. The spectral photometric methods 1 -3 based on analysis of spatial (r) or time () changes of radiation¯eld intensity, scattered by biological tissues; . Polarization methods based on usage of the coherency matrix for complex amplitudes fKðr; Þg (see Refs. [4] [5] [6] 
For the complex analysis of polarizationally heterogeneous laser radiation¯elds, a new approach was o®ered in Refs. 9À16. It is based on generalization of the coherency matrix fKðr; Þg by substituting it with the polarization coherency matrix fÈðr 1 ; r 2 ; Þg for two points ðr 1 ; r 2 Þ fKðr; Þg ) fÈðr 1 ; r 2 ; Þg: ð4Þ
In the expanded form, the expression (4) can be rewritten as follows 
Here, h i means the averaging operation over the time of orthogonal components U x , U y of electromagnetic wave complex amplitude in the points with coordinates ðr 1 ; r 2 Þ. In Ref. 17 , to characterize the consistency between the polarization states of the object¯eld in the points ðr 1 ; r 2 Þ with the intensities Iðr 1 ; Þ, Iðr 2 ; Þ, a new parameter -complex degree of mutual polarization (CDMP) V ðr 1 ; r 2 ; Þ -was introduced. It has the following analytical form: 
This \two-point" theoretical approach [(4)À(8)] was extended to the analysis of polarizationinhomogeneous laser images of human biological tissues with the aim of experimental diagnostics of optical anisotropic structure. 18 In Ref. 19 the method of direct polarization measurement of the real part of CDMP for di®erent points (r 1 ; r 2 ) of optically thin image (extinction coe±cient 0:1) of biological tissue layers was proposed
where 'ðr 1 Þ and 'ðr 2 Þ are the phase shifts between the orthogonal components U x , U y of laser beam amplitude.
The ranges of changes of the 1st-to 4th-order distribution statistic momentsṼ ðx; yÞ for the corresponding laser images important for diagnostics of the human connective tissue oncological state were determined in Refs. 19 and 20. On the other hand, these analytical techniques with account ofṼ ðx; yÞ lead to disregarding the extracellular matrix birefringence of the biological tissues, which is a principal physical mechanism providing formation of their polarization-inhomogeneous images. 8 That is why, it appears to be important to search for new diagnostic parameters directly characterizing the degree of consistency of optical axes and birefringence orientations of various points of protein-¯bril network forming the biological tissue extracellular matrix. 18 This work is aimed at substantiation of the technique of polarization-correlation mapping of the biological tissue birefringent networks for diagnostics of their physiological and pathological states.
Theoretical Analysis of Laser
Radiation 
Here, 0 is the phase shift between the orthogonal components U 0x and U 0y of the illuminating laser beam amplitude, tg 0 ¼ U 0y =U 0x .
In accordance with the approach outlined in Ref. 17 , for two-point ðr 1 ; r 2 Þ generalization of the analytical description of the anisotropy parameters ( 1 ðr 1 Þ; 2 ðr 2 Þ and 1 ðr 1 Þ, 2 ðr 2 ÞÞ of protein crystal network in the biological tissue extracellular matrix, let us use (6) and (7), taking into account Eq. (11)
Substituting the coe±cients of (12) 
where
Like in Ref. 17 , in what follows we shall call the parameter W ðr 1 ; r 2 Þ as the complex degree of mutual anisotropy (CDMA) of biological tissues. Our analysis of Eqs. (11)À (16) shows the dependence of orthogonal components U x ðrÞ, U y ðrÞ of the complex amplitude on rotation of the polarization plane ( 0 ) of the illuminating laser wave or rotation () of the biological tissue layer to the irradiation direction. The comparative diagnostic analysis of CDMA in extracellular matrix of various biological tissues according to it becomes more di±cult. The only exception exists in the case of irradiation of biological tissues by the circular polarized laser wave U 0
Therefore, to determine the analytical expression for CDMA W ðr 1 ; r 2 Þ in two points ðr 1 ; r 2 Þ of the extracellular matrix of the biological tissues, we need to use the relations (5) and (7) and take into account Eqs. (8) Analysis of the presented data shows that in the case of single scattering of laser radiation, there is a unique relationship between the characteristic values of CDMAW ðr 1 ; r 2 Þ of biological tissue layer and CDMPṼ ðr 1 ; r 2 Þ of biological tissue laser images. On the other hand, with increase of multiplicity of light scattering or the propagation in free space of di®erently polarized coherent waves Uðr 1 Þ and Uðr 2 Þ their cross-interference will have a place. As a result, the phase shifts ( Ã Þ and the ratio between the orthogonal components (U Ã x ; U Ã y Þ of the net°u ctuation amplitudes in the points r 1 , r 2 are changed.
Therefore, because of interference averaging, the unambiguity in inter-relations between the CDMP and the object structure is eliminated. At the same time, the magnitude of CDMA parameter is determined only by the biological tissue anisotropy. That is why, the task of searching the comparative diagnostic e±ciency of both the methods in such conditions appears to be topical.
Optical Scheme and Experimental
Measurements of Two-Dimensional
CDMA Distributions of Biological Tissues
Experimental investigations were performed using the classical polarimeter, the main parts and elements of which have been presented in Fig. 1 . camera (overall amount of pixels -800 Â 600, light sensitive area size -4000 Â 3000 m, deviation of photosensitive characteristics from linear ones was no more than 15%), which provided the range of measuring the structural elements of biological tissue with the resolution 2 À 2000 m. Maximal resolution veri¯cation (2 m) was performed using the stage micrometer (linear scale), and that image was projected into the light sensitive area of the CCD camera by using the micro-objective 7.
The minimal resolution (2000 m) corresponds to the situation when the light sensitive area of the CCD camera is entirely¯lled by two equal sized structural elements (light and dark) of the stage micrometer. The conditions of the experiment were chosen in such a way that it enabled to reduce the space-angular aperture¯ltering while forming the biological tissue images. This was ensured by conformance of angular characteristics of indicatrices of light scattering by the biological tissue samples ( % 16 ) and angular aperture of the micro-objective (Á! ¼ 20 ). Here, is the solid angle within which 98% of all the energy of scattered radiation is concentrated.
In order to determine the coordinate distribution of CDMP parameter (9), the following technique was used:
(1) In the absence of polarization¯lter 8, 9
( Fig. 1) , the intensity coordinate distribution 
(5) For each pair of points r j;k À r jþ1;k , using the algorithm (9), the following value of CDMP parameterṼ ðr j;k ; r jþ1;k Þ was calculated; (6) This operation was repeated for each line of the studied image by using the one-pixel linear shift.
The coordinate distribution of CDMA parameter was determined in the same manner:
(1) Within the limits of each pixel, using the classic technique 4 the set of Jones matrix elements d ik ðrÞ was calculated; (2) On the grounds of matrix elements d ik ðrÞ and phase shift ðrÞ, the value of CDMA parameter W ðr j;k ; r jþ1;k Þ, was calculated for each pair of points r j;k À r jþ1;k by using the algorithm (12); (3) This operation was repeated for each line of the image by using the one-pixel linear shift.
Experimental Researches of Two-Dimensional Distribution of CDMA of Biological Tissues Being in Di®erent Morphological and Physiological States
It should be noted that the structure of the anisotropic component of the di®erent types of biological tissues is rather complicated and diverse. 18 Therefore, the analysis of two-dimensional distribution of optical parameters corresponding to the biological tissue extracellular matrix of various types objectively requires complex statistical, correlation, fractal and topological 4 as well as other approaches. In our work, we will restrict ourselves by studying the inter-relation of statistical moments of the 1st to 4th orders, 21 which characterize the coordinate distributionsW ðx; yÞ of the biological tissue extracellular matrix, with pathological changes in its orientation-phase structure.
As objects for investigations (Fig. 2) , we chose histological sections of myocardium muscle tissue (MT) [ Fig. 2 Pathological changes of the MT morphological structure (myocardial dystrophy) are manifested in the reduction of birefringence and disordering of packing directions in the network of myosin¯brils. The peculiarity of the extracellular matrix structure of healthy SD is a random distribution of directions (ðx Â yÞ) of the protein crystal optical axes (Fig. 2) . The extracellular matrix in oncologically changed samples is characterized by a set of ordered \the newly formed" collagen¯brils with a greater value of the birefringence parameter. 25 Therefore, comparative studies of CDMA coordinate distributions for this biological tissue extracellular matrix will help to determine the range of statistical parameter variationsW ðx; yÞ and on this basis, to implement the diagnostics of their physiological state.
The series of coordinate distributions [600 pix Â 800 pix -fragments The experimental data satisfactorily correlate with the proposed model analysis of the extracellular matrix structure with the help of CDMA. Thus, there will always be points (r; r þ ÁrÞ in the network of protein¯brils that de¯ne such relationships between the parameters of anisotropy (; ) ( Table 1) On the other hand, the speci¯city of the morphological construction of biological tissue extracellular matrix of various types manifests itself in di®erent probabilities of CDMAW ðx; yÞ values. It is believed that, for directional ordered (ðx; yÞ) and the geometric dimensions (dðx; yÞ) of MT myosin bril network [ Fig. 3(a) ], the dispersion of orientations of optical axes and the phase shifts are substantially less than for the disordered network of SD collagen¯brils [ Fig. 4(a) ]. Therefore, the distribution of CDMA random values of MT layer is predominantly localized in a small range (0:5 W 1Þ relatively to the main extremes [ Fig. 3(c) ]. Histograms of CDMA valuesW ðx; yÞ of SD layer are fairly equiprobable distribution in the widest possible range (0 W 1Þ of changing this parameter [ Fig. 4(c) ].
Degenerative changes of MT myosin crystal network are shown [ Fig. 3(e) ] in the distribution of extreme CDMA values (W ! 1Þ to lower values In order to obtain some objective criteria of diagnostic e±ciency, the comparative investigation of CDMP (Ṽ ðx; yÞÞ (see Ref. 9) and CDMAW ðx; yÞ techniques was performed in the conditions of single and multiple scattering of laser radiation by the layers of MT and SD. 
where N ¼ m Â n is the amount of pixels in the CCD-camera photosensitive area.
In Tables 2 and 3 From the obtained data about the coordinate distributions of CDMA for optically thin ( ¼ 0:09) layers of MT and SD tissues, one can see that:
. The average and dispersion of distributions W ðx; yÞ for physiologically normal and pathologically changed MT and SD di®er insu±ciently within 1. On the other hand, increase in the light scattering due to cross-interference of di®erently polarized coherent waves U j ðrÞ changes the distribution of azimuths and ellipticities of polarization inherent to the biological tissue object¯eld. As a result, the inter-relation between the parametersW ðr 1 ; r 2 Þ and V ðr 1 ; r 2 Þ is violated ( 
Conclusion
To characterize the degree of consistency of parameters of the optically uniaxial birefringent protein-¯bril networks of biological tissues, the new parameter -CDMA has been o®ered. The technique of polarization measuring the coordinate distributions of the CDMA in biological tissues is developed. It has been shown that statistic approach to the analysis of CDMA distributions for biological tissues in various morphological and physiological states and for di®erent optical thicknesses appears to be more sensitive and e±cient in di®erentiation of physiological state in comparison with investigations of CDMP for corresponding laser images.
